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Abstract A cDNA encoding a putative copper chaperone
protein, CUC-1, was cloned from Caenorhabditis elegans.
CUC-1 had the characteristic motifs of MTCXXC and KKTGK,
and showed 49.3 and 39.1% sequence identity with yeast Atx1p
and human HAH1, respectively. Expression of CUC-1 cDNA
complemented a null atx1 mutant, the yeast copper chaperone
gene, thus demonstrating that CUC-1 is a functional copper
chaperone. Studies with transgenic worms indicated that cuc-1
and cua-1, which encodes the copper transporting ATPase, are
expressed together in intestinal cells of adult and hypodermal
cells in the larvae. cua-1 was also expressed in pharyngeal muscle
but cuc-1 was not. These results suggest that CUC-1 and CUA-1
constitute a copper trafficking pathway similar to the yeast
counterparts in intestinal and hypodermal cells, and CUA-1 may
have a different function in pharyngeal muscle.
z 1998 Federation of European Biochemical Societies.
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1. Introduction
Three independent pathways for intracellular copper ion
tra⁄cking have been shown in yeast [1^4]. One pathway in-
volves Atx1p and Ccc2p which transport copper to a post-
Golgi compartment. Cu(I) is transported into the cytosol
through the plasma membrane by Ctr1p, picked up by the
copper chaperone Atx1p, and carried to the Cu transporting
ATPase, Ccc2p, in the post-Golgi membranes [3,4].
Ccc2p is a homologue of the human Menkes [5^7] and
Wilson [8^10] disease transporters, and of the C. elegans
CUA-1 copper ATPase [11,12]. Expression of cDNA clones
coding for these ATPases complement a null mutation of the
yeast CCC2 gene [11^15]. Potential ATX1 homologues were
found in A. thaliana, O. sativa and human in the GenBank
dbest database and C. elegans from genomic sequence data-
bases [16]. These ¢ndings suggest that the Atx1p/Ccc2p cop-
per tra⁄cking pathway is also present in higher eukaryotes.
Consistent with this prediction, the human homologue,
HAH1, complemented a yeast vatx1 mutation [17]. Northern
blot analysis identi¢ed HAH1 mRNA in all human tissues
and cell lines examined [17]. Interestingly, Menkes and Wilson
copper ATPases had a more restricted tissue distribution [5,7^
9].
In this report, we ask if the ATX1 homologue in C. elegans
is also ubiquitously expressed in the same manner as HAH1
or in a restricted fashion. If a tra⁄cking pathway similar to
yeast is also found in C. elegans, the chaperone would be
expected to have a similar distribution as the CUA-1 copper
ATPase. In this study, we cloned a cDNA from C. elegans for
the Atx1p homologue which complemented the yeast vatx1
mutation. The expression pattern was similar to cua-1 except
in the pharyngeal muscle where the CUA-1 ATPase is
strongly expressed and the cuc-1 chaperone is not.
2. Materials and methods
Wild-type strain N2 and transgenic C. elegans were cultured as
described [18]. Standard methods [19] were used for the molecular
cloning and the genomic DNA preparation. The partial cDNA for
C. elegans ATX1 homologue was obtained by 5P- and 3P-RACE using
primers CeATX-1 Fwd (5P-TACGTTTTCGAAATCGGCATGACA-
T-3P) and CeATX-1 Rev (5P-GTAGTTGCTTGATCTCTTTTCCTG-
3P), respectively, with Marathon cDNA ampli¢cation kit (Clontech).
Then the second PCR ampli¢cation was carried out on these 5P- and
3P-parts of the cDNA using the adapter primers. The obtained full-
length cDNA was subcloned into pBluescript II SK and its structure
was determined by sequencing. The nucleotide sequence data reported
in this paper will appear in DDBJ, EMBL and GenBank nucleotide
sequence databases with accession number AB017201. Northern blot
analysis was carried out using a Hybond-N nylon membrane (Amer-
sham Life Science), and the probe labeled with random primed DNA
labeling kit (Boehringer Mannheim) [19].
Yeast DNA segment (3398 to +800) containing the ATX1 gene [20]
was introduced into pRS316 [21] to generate pATX1. The vatx1: :
LEU2 strain was constructed by deleting the ATX1 gene of YPH499
[21] by homologous recombination using a DNA fragment in which
the ATX1 open reading frame was replaced with LEU2. cuc-1 cDNA
was introduced into yeast expression plasmid, pKT10 [22], to generate
pKTcuc-1. pKTcuc-1-VSV was constructed by inserting the DNA
sequence corresponding to Tyr-500 to Lys-511 of VSV glycoprotein
[23] between the Met-1 and Thr-2 of CUC-1 by PCR. Iron-dependent
growth was examined on agarose plates containing synthetic medium
with 2% glucose and 25 mM Na-MES (2-(N-morpholino)ethanesul-
fonic acid), pH 6.1 [17,24]. Where indicated, 1 mM ferrozine (3-(2-
pyridyl)-5,6-bis(4-phenylsulfonic acid)-1,2,4-triazine; Sigma), or 350
WM ferrous ammonium sulfate was added to the medium.
The 1.7-kbp genomic fragment of the cuc-1 gene was ampli¢ed by
PCR using a primer pair cucUP (5P-CGGGATCCGTAGTTGCTT-
GATCTCTTTTCCTG-3P) and cucE3 (5P-CACATGCATGCTTGG-
GTTCACTGGTTGAACTGCGGA-3P), digested by SphI and BamHI
and introduced into a promoter-less GFP reporter plasmid pPD95.70
(kindly provided by A. Fire, J. Ahnn, G. Seydoux, and S. Xu).
Similarly, the upstream regulatory and a part of the coding region
of the cua-1 gene was ampli¢ed by primers cuaLA10 (5P-ACGCG-
TCGACTCCTCCAATTGTTGGTCCGGTTCCTGTTTCT-3P) and
cuaex2.0 (5P-GTAATTGGAGCGAAGCCAGGAATTCATAGGG-
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ATCCCG-3P) and introduced into the BamHI and SalI sites of the
GFP reporter plasmid pPD95.67.
3. Results
3.1. Cloning a cDNA for an ATX1 homologue from C. elegans
An open reading frame exhibiting strong homology to yeast
copper chaperone (Atx1p) was found in the C. elegans ge-
nome [16,20]. The frame was covered by cosmid ZK652
from chromosome III and named cuc-1 gene in this study.
A cDNA corresponds to this locus was obtained by 5P- and
3P-RACE using a speci¢c primer set. The cDNA structure
exactly matched the 3P-portion of open reading frame
ZK652.10 which was predicted by the C. elegans genome proj-
ect [16]. However, we found that the 5P-part of the cDNA was
shorter than the predicted one. The isolated cDNA contained
a trans-spliced leader sequence (SL1) and poly(A) tail, indicat-
ing that it represents a full length message (Fig. 1A). Because
spliced leaders are attached to the 5P-end of C. elegans tran-
scripts and SL1 is attached only to the most upstream genes
of operons [25,26], this ¢nding suggested that the cuc-1 gene is
located immediately downstream of the promoter. Consistent
with this notion, cuc-1 mRNA was ampli¢ed by reverse tran-
FEBS 21184 30-11-98 Cyaan Magenta Geel Zwart
Fig. 1. cDNA structure and Northern blotting of cuc-1. A: Struc-
ture of the cuc-1 cDNA and its protein. The partial spliced leader
sequence (SL1) and polyadenylation signal were underlined; +1,
spliced leader acceptor site. B: Northern blot analysis of total RNA
from a mixed-stage C. elegans population using cuc-1 cDNA as a
probe. Filled and open arrowheads represent cuc-1 transcript and ri-
bosomal RNAs, respectively. C: Alignment of Atx1p homologues.
Deduced amino acid sequence of CUC-1 was aligned with those of
yeast Atx1p and human HAH1. Conserved residues among the
three proteins are boxed. Residues identical to CUC-1 are in bold
letters. The characteristic copper binding motif, MTCXXC, and the
lysine rich sequence, KKTGK, are indicated by asterisks.
C
Fig. 2. Expression of CUC-1 in the yeast atx1 null mutant. A:
Complementation of vatx1 by cuc-1. The vatx1 cells harboring vec-
tor with no insert (vector), the CUC-1 expression plasmid (CUC-1),
CUC-1-VSV tag expression plasmid (CUC-1-VSV), or the ATX1 on
a single copy plasmid (ATX1) were grown for 5 days at 30‡C on
minimal medium containing 1 mM ferrozine (3Fe) or 350 WM fer-
rous ammonium sulfate (+Fe). B: Subcellular localization of CUC-
1. Cells of vatx1 harboring vector with no insert and CUC-1-VSV
tag expression plasmid were converted to spheroplasts and osmoti-
cally lysed. The total lysate (lysate) of the spheroplasts was centri-
fuged at 10 000Ug to obtain low speed pellet (P10). Then, the super-
natant was centrifuged at 100 000Ug to obtain pellet (P100) and
supernatant (S100) fractions. Each fraction from 1.5U107 cells was
loaded on a polyacrylamide gel in the presence of sodium dodecyl-
sulfate. After electrophoresis, the proteins were electrotransferred to
nitrocellulose and probed for VSV-tagged CUC-1 using the mouse
monoclonal antibody P5D4 (1 Wg/ml, Boehringer Mannheim). Or-
ganelle marker proteins alcohol dehydrogenase (ADH, cytosol), al-
kaline phosphatase (ALP, vacuolar membrane), and Kex2p (late
Golgi) were also detected by speci¢c antibodies. Blots were devel-
oped using the ECL detection kit (Amersham).
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Fig. 3. Expression of cuc-1 in intestinal and hypodermal cells. A: Structure of gene cuc-1 and a fusion gene cuc-1: :GFP. Filled and open boxes
represent coding and untranslated regions, respectively. Hatched boxes represent exons corresponding to clone yk140h8 identi¢ed in the Ex-
pressed Sequence Tag database. Direction of transcription is indicated by arrows. A 1.7-kbp DNA fragment containing the upstream region
and the cuc-1 open reading frame was fused with a GFP reporter gene. Three transmitting lines carrying the cuc-1 : :GFP construct were estab-
lished and had indistinguishable expression patterns. B: Fluorescence micrograph of a young adult worm showing intestinal expression. C: No-
marski micrograph of the same worm in B. D and E: Lateral view of anterior half of L1 larvae. Nuclei in the head corresponding to the hyp-
5, hyp-6, and hyp-7 cells are indicated by the arrows. Hypodermal cell nuclei of the body region are indicated by the arrowheads. Expressions
were repressed in dauer larvae (not shown). Other procedures are described in the text or in [30]. Scale bars indicate 100 Wm.
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scription PCR using an SL1-speci¢c primer but not by an
SL2-speci¢c primer (data not shown). A single 0.5-kb tran-
script was detected in Northern blots of total RNA from C.
elegans, consistent with the size of the cDNA (Fig. 1B).
The cDNA contained an open reading frame of 207 bp
coding a protein of 69 amino acid residues with a predicted
molecular weight of 7587. The deduced amino acid sequence
showed 49.3 and 39.1% identity to yeast Atx1p [20] and hu-
man HAH1 [27], respectively. The characteristic copper bind-
ing (MTCXXC) and lysine-rich (KKTGK) motifs were con-
served in each of the sequences (Fig. 1C).
3.2. Complementation of yeast atx1 null mutation by cuc-1
cDNA
The cuc-1 cDNA was introduced into a yeast vatx1 mutant
which does not grow on iron-depleted medium [3]. As shown
in Fig. 2A, expression of cuc-1 complemented the null muta-
tion, suggesting that CUC-1 has a similar function to Atx1p.
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Fig. 4. Expression of cua-1 in intestinal and hypodermal cells. A: Structure of gene cua-1 and a fusion gene cua-1: :GFP. Filled and open boxes
represent coding and untranslated regions of cua-1, respectively. The hatched box indicates the last exon of the upstream gene identi¢ed in the
genomic sequence. Direction of cua-1 transcription is indicated by an arrow. A 3.0-kbp DNA fragment containing the upstream region and the
¢rst two exons of cua-1 gene was fused with the reporter gene as indicated below. Three transmitting lines carrying the cua-1: :GFP construct
were established and had indistinguishable expression patterns. B: Fluorescence micrograph of an adult worm showing intestinal and pharyn-
geal expression. A pharyngeal muscle cell (pm6) is indicated by the arrow. C: Nomarski micrograph of the same ¢eld in B. D and E: Lateral
view of the anterior half of the L1 larvae. Nuclei of hypodermal cells in the head and body regions are indicated by the arrows. Nuclei of the
pharynx and anterior intestinal cells are indicated by the arrowheads. F and G: Ventral view of the dauer larvae. The expression of
cua-1: :GFP fusion gene is restricted to hypodermal cells in each lateral surface. Scale bars indicate 100 Wm.
T. Wakabayashi et al./FEBS Letters 440 (1998) 141^146144
To enable immunochemical detection of CUC-1, the VSV
glycoprotein epitope tag was introduced immediately after
the cuc-1 initiation codon. Introduction of the epitope tag
did not disrupt CUC-1 function because the tagged construct
still complemented the vatx1 mutant (Fig. 2A). In immuno-
blots of cell lysates of the strain using the anti-epitope tag
antibody, we detected a single band with a relative mobility
equal to 7.0 kDa (Fig. 2B, lysate). The mobility was slightly
faster than the predicted molecular weight of 8908 with the
tag; however, Atx1p also migrates faster than expected on gel
electrophoresis [3]. CUC-1 protein was co-fractionated with
alcohol dehydrogenase (ADH) in the supernatant after centrif-
ugation at 100 000Ug. This result indicates that the CUC-1 is
localized in the cytosol, as is Atx1p (Fig. 2B, and [3]).
3.3. Expression patterns of cuc-1 and cua-1
Yeast Atx1p and Ccc2p together constitute a cytosolic cop-
per tra⁄cking pathway to the post-Golgi compartment [3,4].
We previously identi¢ed the C. elegans Cu-ATPase CUA-1
which is a functional homologue of Ccc2p [11]. To determine
the expression pattern of C. elegans CUC-1 and CUA-1, fu-
sion genes were constructed by inserting genomic fragments
containing the cuc-1 and cua-1 5P regulatory region into a
GFP expression vector (Figs. 3A and 4A). The cuc-1: :GFP
fusion gene was strongly expressed in the intestine of the adult
transgenic worm (Fig. 3B,C). On the other hand, high expres-
sion levels in the L1 larval stage were found in the hypoder-
mal cells of the head and body regions (Fig. 3D,E).
The cua-1: :GFP showed essentially the same expression
patterns as cuc-1: :GFP in adult and larval stages. In addition,
cua-1: :GFP signals were also prominent in the pharyngeal
muscle cells in the terminal bulb (pm6) (Fig. 4B,C, arrow).
While cuc-1: :GFP was expressed in most intestinal cells (Fig.
3B), cua-1: :GFP showed stronger expression in the anterior
portion (Fig. 4B). Finally, expression of both genes were re-
pressed in the intestinal cells of the dauer larvae (Fig. 4F,G):
cua-1 was predominantly expressed in hypodermal cells (Fig.
4F,G), whereas cuc-1 expression was not observed (data not
shown).
4. Discussion
We have identi¢ed CUC-1, a copper chaperone protein ex-
pressed in C. elegans. CUC-1 showed signi¢cant sequence
similarities with yeast Atx1p [20] and human HAH1 [27],
and complemented yeast vatx1 mutation. These ¢ndings
strongly suggest that the CUC-1 has similar functions as
Atx1p and that a copper tra⁄cking pathway is present in
higher eukaryotes which is similar to yeast. In yeast, the
ATX1 gene expression is regulated by iron concentration
[3,28]. In contrast, the amount of the cuc-1 transcript did
not change regardless of the presence of iron or copper in
the growth medium (T.W. and M.F., unpublished observa-
tion). Similarly, the amount of HAH1 transcript in human
cell lines is not altered by copper ion concentration [27].
Expression of cuc-1 in C. elegans was tissue and develop-
mental-stage speci¢c. GFP fusions showed expression primar-
ily in the hypodermal cells of L1 larval stage and in intestinal
cells of the adult worm. Transgenic studies suggested that cua-
1 and cuc-1 have similar expression patterns, which is consis-
tent with a model that CUC-1 copper chaperone transfers
copper to the CUA-1 ATPase for transport into the post-
Golgi compartment. The intestinal expression of both genes
may be essential for copper ion intake. The expression of both
genes was repressed in the intestine when the L1 worm passes
into the dauer larval stage. This is reasonable because the
dauer worms are dormant and do not take food [29]. The
hypodermal cells in the larval stage may transport copper to
support copper-containing enzymes that carry out collagen
cross-linking in the extracellular space. Cell speci¢c expression
of cuc-1 is di¡erent from the human homologue, HAH1,
which is expressed in all tissues and cell lines tested [26].
We note that the expression patterns of the two genes were
slightly but signi¢cantly di¡erent. cua-1: :GFP was expressed
in pharyngeal muscle, whereas no cuc-1: :GFP signal was de-
tectable. The CUA-1 copper ATPase may function in muscle
di¡erently from intestinal or hypodermal cells and, clearly, the
regulation of expression is also di¡erent. In this regard, the 5P
£anking sequences of cuc-1 and cua-1 do not share any se-
quence motifs that may indicate a common transcriptional
regulation.
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